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A conserved infection pathway for filamentous bacteriophages is
suggested by the structure of the membrane penetration domain
of the minor coat protein g3p from phage fd 
Philipp Holliger and Lutz Riechmann*
Background: Gene 3 protein (g3p), a minor coat protein from bacteriophage fd
mediates infection of Escherichia coli bearing an F-pilus. Its N-terminal domain
(g3p-D1) is essential for infection and mediates penetration of the phage into the
host cytoplasm presumably through interaction with the Tol complex in the E. coli
membranes. Structural knowledge of g3p-D1 is both important for a molecular
understanding of phage infection and of biotechnological relevance, as g3p-D1
represents the primary fusion partner in phage display technology.
Results: The solution structure of g3p-D1 was determined by NMR
spectroscopy. The principal structural element of g3p-D1 is formed by a six-
stranded b barrel topologically identical to a permutated SH3 domain but
capped by an additional N-terminal a helix. The presence of structurally similar
domains in the related E. coli phages, Ike and I2-2, as well as in the cholera toxin
transducing phage ctxf is indicated. The structure of g3p-D1 resembles those of
the recently described PTB and PDZ domains involved in eukaryotic signal
transduction.
Conclusions: The predicted presence of similar structures in membrane
penetration domains from widely diverging filamentous phages suggests they
share a conserved infection pathway. The widespread hydrogen-bond network
within the b barrel and N-terminal a helix in combination with two disulphide
bridges renders g3p-D1 a highly stable domain, which may be important for
keeping phage infective in harsh extracellular environments.
Introduction
Filamentous Ff bacteriophages (f1, fd and M13) infect
strains of Escherichia coli carrying an F-episome. Phage infec-
tion does not kill the host and infected cells can continue to
produce virus for a considerable length of time. Phage infec-
tivity is mediated by the phage gene 3 protein (g3p), a
minor coat protein. Three to five copies of g3p cap one end
of the extended filamentous phage particle (reviewed in
[1]). The g3p protein is divided into three domains sep-
arated by glycine-rich peptide linkers and it contains a 
short C-terminal transmembrane segment (Fig. 1). Deletion
analysis led to the provisional assignment of different func-
tions for the individual domains: the N-terminal domain
(D1) is thought to be responsible for membrane penetra-
tion, the middle domain (D2) for adsorption to the F-pilus
tip and the sole function assigned to the C-terminal domain
(D3) is the anchoring of g3p in the phage particle [2]. The
transmembrane segment mediates incorporation of g3p into
the host inner membrane, a prerequisite for incorporation
into the nascent phage particle. No function has been
assigned to the two glycine-rich sections in g3p, but the
region separating D2 and D3 is fairly tolerant of the inser-
tion of foreign sequences [3] and may simply have a tether-
ing function.
Phage infection begins with the adsorption of g3p to the
tip of the host F-pilus. Besides a functional g3p, penetra-
tion of the bacterial membrane requires the proteins TolQ,
TolR and TolA that together with TolB form a complex in
the E. coli inner membrane (Fig. 1). The TolQRA complex
appears to be preferentially located at junctions of the
inner and outer membrane [4] and is most probably the
entry port for the phage into the host cell. No function 
has been assigned to TolQRA, but its similarity with the
tonB/excBD import system for vitamin B12 and Ferric
siderophores suggests a role as a membrane channel.
Indeed, like tonB, the TolQRA complex serves as an entry
port for certain colicins (group A) (reviewed in [5]). Fur-
thermore, it seems clear that TolQRA has a role in mem-
brane biogenesis and integrity, as mutants disrupting the
tolQRA cluster show a pleiotropic phenotype character-
ized by resistance to superinfection by filamentous phages,
tolerance to group A colicins, leakage of periplasmic pro-
teins, and a hypersensitivity to detergents and antibiotics.
Expression of both full length g3p (during phage infection)
and its N-terminal domain (g3p-D1) in the host cell ([6];
O Hartley, PH and LR, unpublished results) causes a phe-
notype similar to that of TolQRA mutants. Thus, it seems
likely that TolQRA is the cellular receptor for g3p-D1 and
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that the phenotype of cell overexpressing g3p-D1 may be
caused by g3p-D1 sequestering TolQRA away from its
natural ligand.
Filamentous phage, in particular M13 and fd, have long
been used as cloning vectors [7] and also more recently for
the display of peptide and protein libraries fused to the
N terminus of g3p. Phage display has become a key tech-
nology in molecular biology and has made possible both
the generation of entirely human antibody fragments
directly from their genes [8] and the isolation of small
peptide agonists for large peptide hormones [9]. Further-
more, a strategy for the use of g3p as a fusion partner for
the study of molecular interactions between proteins
secreted from bacteria has been put forward [10–12]. With
phage technology being progressively refined, it becomes
increasingly important to determine a structure-based
understanding of the role of g3p in phage infection and
protein display.
As a first step towards a molecular description of the role
of g3p in phage infection, we have determined here the
solution structure of the g3p-D1 from filamentous phage
fd by heteronuclear NMR spectroscopy. The structure has
allowed a meaningful sequence comparison with relevant
domains from other filamentous phages indicating the
presence of similar membrane-penetration domains.
Results
The g3p-D1 protein
The N-terminal domain of phage coat protein g3p [13]
from filamentous phage fd was expressed in E. coli by
secretion and purified by immobilized metal affinity chro-
matography (IMAC). Purified g3p-D1 proved to be a
highly soluble protein, which exhibited no tendency to
aggregate at mM concentrations. In solution, g3p (calcu-
lated molecular weight 8.391kDa) is present entirely as a
monomeric species according to light scattering (molecular
weight 8 to 10kDa) and equilibrium sedimentation analy-
sis (molecular weight 7.9kDa).
Assignment
As a first step towards the determination of the solution
structure of g3p-D1, the backbone 1Ha, 13Ca, 1HN and
15N NMR frequencies of g3p-D1 were sequence-specifi-
cally assigned through the combined use of 3D 15N-1H
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Figure 1
The minor fd coat protein g3p of phage fd and
its role during infection. Schematic
organisation of g3p and sequence location of
domains (each coloured differently; top) and a
model for filamentous phage infection of
E. coli (different components are coloured
differently; bottom). Briefly, phage (top right
hand corner) attaches to F-pilus (pink) and in
a second step interacts with presumably the
TolQRA complex (blue and green) spanning
the host periplasm. The TolQRA complex
probably forms a membrane pore through
which the phage DNA eventually enters the
host cytoplasm.
1-66 67-85
86-216
217-256 257-377
378-406
D1
adsorption 
to F-pili
Membrane 
penetration incorporation 
into phage 
coat
membrane 
anchor
Ff g3p
D2 
D3  
Replication
receptor 
(cell adsorption)
Ff phage
tolQRA complex
F-pilus
g3p
tolA
tolQ
tolR
tolB
Phage infection
co receptor 
(membrane penetration)
Periplasm
Cytoplasm
TOCSY-HMQC, 3D HNCA and 3D HN(CO)CA spectra.
The backbone assignments were corroborated by sequen-
tial daN(i,i+1) NOEs observed for most residues (Fig. 2).
Spin systems of individual residues were completed with
1Hb and 1Hg frequencies based on corresponding HN
crosspeaks observed in the 3D 15N-1H TOCSY-HMQC.
Except for the aromatic sidechains, all remaining 1H and
13C sidechain frequencies were determined in 3D HCCH-
COSY and 3D HCCH-TOCSY experiments. Aromatic
sidechain frequencies were assigned based on intraresidue
Ha and Hb NOEs observed in 13C-1H NOESY-HMQC
spectra in combination with a homonuclear double
quantum spectrum and a 1H-13C HSQC spectrum opti-
mized for the aromatic signals.
Secondary structure
Sequential and medium range NOEs indicative of helix
formation suggested the presence of an N-terminal a helix
spanning residues 2 to 9 (Fig. 2). This was corroborated 
by small 3JNHaC coupling constants throughout this region
(Fig. 2). The remainder of the protein is composed of
b structure interspersed by turns as indicated by long
stretches of strong daN(i,i+1) NOEs, large 3JNHaC cou-
pling constants (typical of b structure) and an extensive
hydrogen-bond network (Fig. 3) deduced from D2O
exchange protection in 1H-15N HSQC experiments. Long
range, across strand NH/Ha and Ha/Ha NOEs suggested
the presence of exclusively antiparallel b strands (Fig. 3).
Structure calculation
For the calculation of the tertiary structure, a list of 945
intraresidue, 329 sequential, 212 medium range (|i-j|≤4)
and 597 long range (|i-j|>4) distance constraints was com-
piled from the 3D NOESY spectra. In addition two disul-
phide bonds (6–35 and 45–52), which had been inferred
from tryptic digests of the intact g3p [14], and 23 hydro-
gen bonds, which were deduced from the exchange pro-
tection experiments and the secondary structure (see
Fig. 3 and Material and methods), were included. Using
the simulated annealing routine in X-PLOR, structures for
residues 1–70 of the g3p-D1 construct were calculated.
Residue 66 is the last residue of the native g3p-D1,
residues 67–69 are alanines followed by six histidines. No
NMR signals could be assigned to residues 71–75 and
these residues were not included in the calculation.
Of the converged structures, the 15 energetically best
(Fig. 4) had an average backbone (Ca, N and C′ atoms)
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Figure 2
41      45        50        55        60        65        70        75
1       5         10        15        20        25        30        35        40 
E T V E S C L A K P H T E N S F T N V W K D D K T L D R Y A N Y E G C L W N A T
J(NHα)>8Hz
slow exch.
αN(i,i+1)
αN(i,i+2)
βN(i,i+1)
αN(i,i+3)
G V V V C T G D E T Q C Y G T W V P I G L A I P E N A A A H H H H H H
slow exch.
J(NHα)>8Hz
αN(i,i+1)
αN(i,i+2)
βN(i,i+1)
αN(i,i+3)
NN(i,i+1)
a1 b1 b2 b3 b4
b5 b6
NN(i,i+1)
NN(i,i+2)
NN(i,i+2)
Summary of NMR spectroscopic backbone observations. Sequential
and medium range NOE connectivities, J (NHa) coupling constants
and D2O exchange protection observed for g3p-D1 in NMR
experiments are listed for each residue. Strong, medium and weak
NOEs are indicated by black, shaded and thinly shaded boxes,
respectively. Black circles indicate slowly exchanging backbone amide
protons and J (NHa) coupling constants larger than 8 Hz, respectively.
The helix and the b strands are indicated above the primary sequence.
root mean square deviation (rmsd) of 0.47Å and an
average heavy atoms rmsd of 0.83Å from their mean struc-
ture. The structural statistics of this ensemble are summa-
rized in Table 1.
Tertiary structure
The tertiary structure essentially confirmed the model for
the secondary structure elements discussed above. The
N-terminal residues 2–9 form a helix, and the remainder
of the protein is built of a single b sheet (Fig. 3) folded
into a distorted barrel analogous to a recently published
circularly permutated SH3 domain [15] (Figs 3,4). The
barrel contains six antiparallel b strands. One side of the
b barrel is formed by strands b1, b5 and the N-terminal
part of b6, while the other side is formed by b2, b3, b4 and
the C-terminal portion of b6. The b barrel shields an aro-
matic core formed mainly by the tryptophan sidechains of
residues 37 and 56 (Fig. 5). At the end of the barrel, which
is close to both the N-terminal helix and the C terminus,
the hydrophobic core extends into a hydrophobic patch
formed around Phe16 and Tyr32. At least in the absence
of the remainder of the intact g3p, the hydrophobic patch
is exposed to the solvent (Fig. 5).
The two sides of the b barrel are roughly orthogonally jux-
tapositioned (Fig. 4). They are linked between strands b1
and b2 by a two-residue turn and between strands b4 and
b5 by a stretch of three residues, which represents (besides
the C terminus) the most poorly resolved region in the
structure (Figs 4,6). Four-residue b turns connect strands
b2 and b3 as well as b5 and b6, whereas a two-residue
b turn connects b3 and b4. Strand b6 contains a proline at
position 58, which interrupts the regular b structure (Fig. 3).
The C-terminal residues 62–66 are present in statistical coil
conformation. The C-terminal end of the ordered structure
is located relatively close to the N-terminal helix, which
runs antiparallel to the C-terminal portion of strand b6.
The rmsd for both the backbone and all heavy atoms of
residues 1–66 indicates a well defined structure. The best
defined regions are the b strands (Figs 4,6) with an average
Ca rmsd to the mean structure of ~0.3Å and a high angular
order parameter (Fig. 6). The remainder of the structure
(the helix and most turns) is also well defined with Ca
rmsd values of less than 0.6Å. This does not include
residues 1 and 2, the C-terminal residues following residue
65, residues 41 and 42 in the turn linking strands b4 and
b5, and residues 47 and 48 in the turn between strands b5
and b6.
The poorly refined turns are in exposed regions of the 
g3p-D1 domain on the site of the b barrel, which lies 
opposite the N-terminal helix. They probably present flex-
ible polypeptide regions in the isolated g3p-D1 domain.
Whether this is also the case in the native g3p is impossi-
ble to predict, as in this context D1 is linked to the remain-
der of g3p through a flexible glycine rich linker followed
by domain D2. 
The first of the disulphide bonds between cysteine
residues 6 and 35 links the N-terminal helix to strand b4,
while the second disulphide bond between cysteine
residues 45 and 52 links two residues opposing each other
in adjacent antiparallel b strands (Fig. 5). Although the
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Figure 3
Schematic diagram of the b sheet
arrangement in g3p-D1. The b structure
elements b1 to b6 of g3p are indicated
together with observed interstrand NOE
connectivities (arrows) and D2O exchange
protected amide protons (circled). Residues
that are not part of regular b structure are
shown in square boxes.
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position of the second disulphide bond between opposed
residues within a b sheet is unusual, it has been observed
before between residues 17 and 28 in the proteinase
inhibitor PMP-C [16].
The wide spread hydrogen-bond network within the
b barrel and the N-terminal helix in combination with the
two disulphide bridges renders g3p-D1 a highly stable
domain with a melting point of 66.8°C as determined from
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Figure 4
Backbone presentation of the g3p-D1
solution structures. (a) The Ca trace of
residues 1–67 from the energetically best
structure with the Ca atom labelled for every
10th residue. (b) The backbone (N′, Ca, C′)
from the 15 energetically best structures
superposed onto that of the energetically best
structure. (c) A ribbon representation of the
energetically best structure.
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circular dichroism (CD) thermodenaturation experiments
(not shown).
Discussion
Structural homologies
The structure of the N-terminal domain of the infec-
tion protein g3p (g3p-D1) of filamentous phage fd invites
comparisons with homologues. The principle structural
element of g3p-D1 is formed by an open six-stranded
b barrel as defined by Murzin et al. [17], which is struc-
turally very similar to a circularly permutated SH3 domain
[15]. The additional capping helix in g3p-D1 renders its
fold most similar to the family of pleckstrin homol-
ogy (PH) and PH-like domains (Fig. 7), in particular 
the recently discovered PH-like phosphotyrosine binding
(PTB) [18] and PDZ domains [19]. These small domains
consist of an open b barrel often of similar size, which are
circularly permutated between different family members
and contain N-terminal, C-terminal or inserted helices
running roughly parallel to outside strands of the barrel.
However, while these are cytoplasmic proteins, g3p-D1 is
extracellular and contains two disulphide linkages, one
connecting the N-terminal helix to strand b4, the other
linking strands b5 and b6 (Fig. 5). Presumably the disul-
phides render the g3p-D1 more stable, which may be
important to keep phage infective in harsh extracellular
environments. Mutation of Cys6 in g3p, which thereby
lacks the first disulphide bond, causes the formation of
non-infectious phage particles [6] and dramatically reduces
protein yields for recombinant g3p-D1 (PH, unpublished
results), indicating its importance for folding and/or struc-
tural stability.
Sequence homologies
The sequence of g3p-D1 (like most of the entire g3p)
from filamentous phage fd is identical to those in the very
closely related Ff bacteriophages M13 [20] and f1 [13].
However, g3p-D1 shares no significant sequence homol-
ogy with any other protein in the database with the excep-
tion of the membrane-penetration domains (but not the
remainder of their gene 3) of two other related filamen-
tous phages, Ike [21] and I2-2 [22] (Fig. 8). The Ff phages
(f1, M13 and fd) and the N-pilus specific phages (Ike and
I2-2) depend on a functional TolQRA complex for infec-
tion of E. coli. The g3p-D1 homologues in Ike and I2-2,
therefore, seem to perform an analogous function to that
of g3p-D1 in the Ff phages. Consequently both groups of
phages are also likely to share the same entry port into the
cell, despite their different tropism for E. coli strains
expressing either the F- or the N-pilus. 
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Figure 5
Aromatic core of g3p-D1. The Ca trace for
residues 1–67 and the sidechains of the
aromatic and cysteine residues of the 15
energetically best structures are superposed
onto that of the energetically best structure.
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Table 1
Structural statistics of the 15 energetically best structures.
Mean energy terms
Total energy (kcal mol–1) 245.0 ± 9.2
van der Waals energy (kcal mol–1) 37.5 ± 2.7
Distance constraints energy (kcal mol–1) 21.8 ± 3.1
Distance constraints
Average rmsd of NOE 
distance violation (Å) 0.0146 ± 0.0010
Sum of violations > 0.2 Å in all structures 3
Rmsd from the ideal geometry
Bond lengths (Å) 0.00338 ± 0.00011
Bond angles (°) 0.711 ± 0.020
Improper angle (°) 0.518 ± 0.033
Atomic rmsds to mean structure (Å)
Residues 1 to 66
Backbone atoms 0.47 ± 0.09
Heavy atoms 0.83 ± 0.09
Unlike in Ff phages, the g3p-D1 homologue domain
within gene 3 of Ike and I2-2 is not located at the N termi-
nus but follows the N-pilus binding domain (correspond-
ing in function to D2 in Ff phages). The domains of the
Ike and I2-2 corresponding to fd g3p-D1 cover residues
115 to 179 and are identical to each other except for two
residues (Fig. 8). Both domains are one residue shorter
than fd g3p-D1 and sequence alignment shows they have
44% sequence identity with the fd g3p-D1 over its whole
sequence.
Residues playing a key role for the tertiary structure of
g3p-D1 are conserved in Ike and I2-2. The four cysteines
are found at identical positions indicating that disulphides
are formed in the same way as in g3p-D1. All aromatic
residues are conserved with the exception of Trp37, which
is a tyrosine in Ike and I2-2. Furthermore, conserved
proline and glycine residues at the end of the N-terminal
helix (Pro10), in the turns between b3 and b4 (Gly34) and
between b4 and b5 (Gly41) and near the C terminus
(Pro58, Gly60 and Pro64) suggest that the tertiary struc-
ture of these domains in Ike and I2-2 is very similar to that
of g3p-D1 of fd phage.
Another filamentous phage (ctxf) was recently reported to
encode the genetic element responsible for the produc-
tion of cholera toxin by Vibrio cholera [23]. One of its genes
is formed by an open reading frame of unknown function
(orfU), whose length and location on the phage genome
led to its alignment with gene 3 of filamentous phages like
M13 and fd [23]. No significant sequence homology was
detected then [23] and after alignment there is indeed
only a 20% sequence identity between fd g3p-D1 and
residues 18 to 86 of the ctxf orfU (Fig. 8) (residues 1 to 17
comprise the putative signal sequence). However, several
structurally important key residues are conserved between
the N-terminal portion of ctxf orfU and g3p-D1. All four
cysteines (6, 35, 45 and 52) of fd g3p align with the four
cysteines (24, 51, 68 and 76) in the peptide segment from
the orfU protein of ctxf, suggesting the formation of the
same disulphide bonds. In addition, Pro10 at the end of
the N-terminal helix, Gly34 in the two-residue turn
between strands b3 and b4, Gly41 at the C-terminal end
of the turn between strands b4 and b5 as well as Gly54
and Pro58 in b strand b6 are conserved. Sequence-based
algorithms [24] predict b structure for both g3p-D1 and
this region from orfU as the predominant element of sec-
ondary structure (not shown). An N-terminal helix is not
predicted in either sequence. The most striking differ-
ence between the two sequences are four additional
residues in the orfU (residues 58 to 61), which are inserted
into the equivalent position of the most poorly refined
turn (residues 40 to 42) in g3p-D1 (Fig. 8c). The described
similarities suggest that, despite the relatively low degree
of overall sequence homology, this region of the ctxf
protein may fold into a b barrel similar to that of g3p-D1.
This implies that ctxf has a function similar to that of
g3p-D1 in phage infection, which could involve an inter-
action with the equivalent of the E. coli TolQRA complex
in V. cholerae. Indeed, the presence of a D1-like domain
mediating membrane penetration may be a conserved
feature among filamentous phages infecting Gram-nega-
tive bacteria, whereas adaptation to the wide range of
pilus structures required the evolution of a range of
diverging pilus-adhesion domains.
Ligand binding
There is no direct evidence for the bacterial receptor 
of g3p-D1. However, the phenotype conferred by bacte-
rially expressed g3p-D1 is very similar to that observed
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Figure 6
Ca rmsd, NOE constraints and angular order parameters for the 15
energetically best g3p-D1 structures. (a) The NOE constraints (solid
line) and the Ca rmsd (broken line) of the 15 energetically best
structures are listed for each residue in g3p-D1. (b) The angular order
parameter for the f (solid line) and ψ (broken line) angles was
calculated for the 15 energetically best structures and plotted for each
residue. An identical angle for all structures corresponds to an order
parameter of 1.0, a random distribution of angles to a value of
15–0.5 = 0.258. The regions of helix and b strands are shaded and
labelled according to Figure 2.
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for disruptive mutations in the tolQRA gene cluster [6],
which suggests that the g3p-D1 receptor may be part of
the TolQRA complex (Fig. 1). The exact region of g3p-
D1 that is involved in intermolecular interactions is also
unknown. However, both mutation of Cys6 [14] and dele-
tion of its first 24 residues [6] seem to implicate the
N-terminal portion of g3p-D1 in receptor interactions, as
they disrupt phage infectivity and abolish the pleiotropic
phenotype typical for bacterial g3p expression. Alter-
natively this region may simply be needed to maintain
the fold.
We wondered if the g3p-D1 structure presented here, in
combination with the sequence comparison of the homol-
ogous domains from Ff phages and the related Ike/I2-2
phages, would allow the prediction of possible receptor-
binding sites on g3p-D1. For this purpose we searched the
surface of g3p-D1 domain for solvent-exposed regions,
which are conserved between the Ff phages and the
N-pilus specific Ike and I2-2 phages (Fig. 8). The most
prominent region of conserved surface in g3p-D1 consti-
tutes a ‘band’ of residues between the N-terminal helix
and b strand b1, which runs roughly parallel to this edge
strand of the g3p-D1 b barrel (Fig. 8a). In addition, this
band of conserved residues contains a solvent exposed
hydrophobic patch (Fig. 8b). This potential binding site,
conserved in the two groups of phages, could be formed
by the peptide backbone of strand b1 on one side and the
conserved hydrophobic region on another.
The proposed binding site would be reminiscent of ligand
interactions in the structurally analogous PTB and PDZ
domains from eukaryotic organisms. These domains bind
linear peptide epitopes [18,19,25] through b sheet aug-
mentation at the end of their b barrel, which is situated
close to the capping helix (Fig. 7). In canonical SH3
domain–peptide complexes, whose proline rich core adopts
a left-handed polyproline II helix [25], binding of the
linear peptide ligand does not take place through one of
the outside strands of the b barrel but through a conserved,
aromatic protein surface [25].
An interaction of g3p-D1 with a linear peptide epitope
from the TolQRA complex during phage infection would
present an interesting similarity with eukaryotic signal
transduction pathways not observed so far in prokaryotes.
The analogy with PDZ domains might go further, as these
are found in proteins typically associated with cell junc-
tions [19]. The TolQRA complex may form a prokaryotic
equivalent to eukaryotic cell junctions, as it appears to
function as a membrane pore linking and traversing both
the outer and inner membrane of E. coli [4].
Biotechnological relevance of g3p
The structure of g3p also has implications for biotechnol-
ogy, as g3p-D1 is the primary fusion partner in phage
display systems. Peptides and whole proteins have been
fused both to its N terminus in the conventional phage
display system, as first described by Scott and Smith [26],
as well as to its C terminus [11]. In standard phage display
systems, proteins or peptides are simply appended to the
N-terminus of g3p and phage-affinity purified. In C-ter-
minal D1 fusions, g3p function (i.e. infectivity) is recon-
stituted by the interaction of the g3p-fusion ‘bait’ with 
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Comparison of the g3p-D1 domain with structurally related SH3 and
PTB domains. Secondary structure diagrams of (a) g3p-D1, (b) a
permutated SH3 domain and (c) a PTB domain with bound peptide.
b strands and helices are shown as arrows and cylinders, respectively.
P represents the phosphotyrosine in the PTB target peptide. The helix
and b strands of g3p-D1 are labelled according to Figure 2. In (b) and
(c), b strands occupying equivalent positions in the different domains
are shown in the same colour.
a cognate ligand fused N-terminally to a truncated g3p,
which facilitates incorporation into phage particles but is
defective in mediating infection. 
In both cases, it is assumed that the fusions do not com-
promise g3p function. Although this may be generally true
for N-terminal fusions of short peptides the situation is
less clear for bulkier proteins, which can effect infection
titres by several orders of magnitude (PH & LR, unpub-
lished results). In phages Ike and I2-2 the g3p-D1 equiva-
lent domain is internal and thus N-terminally linked to
another domain. It seems therefore likely that N-terminal
D1 fusion of a protein in phage fd may generally not inter-
fere with g3p function. Infection may, however, be com-
promised through g3p folding problems caused by the
fusion partner, for example. Such interferences are allevi-
ated in phagemid systems, where additional wild type g3p
is provided in trans by a helper phage.
The structure of g3p allows a rationalization of the struc-
tural context of phage display and the various ligand-
based selection methods. A rational design of the spacing
between g3p-D1 and its fusion partner may be engineered
in order to minimize both steric hindrance of ligand inter-
action and proteolysis.
Biological implications
Bacterial infection by filamentous phages is a two-step
process. It starts with the adsorption of phage to pilus
structures, which protrude from the cellular surface, and
is followed by membrane penetration mediated via a cellu-
lar ‘pore’. Phage infection is mediated by a single protein,
the gene 3 protein (g3p). The membrane penetration step
presumably depends on the interaction of its N-terminal
domain (g3p-D1) with the TolQRA complex, which spans
the periplasm between the inner and outer membrane of
Gram-negative bacteria. The determination of the struc-
ture of the N-terminal domain D1 of g3p of the Ff phage
fd is an important step towards a detailed understanding
of this process.
The g3p-D1 structure is an open six-stranded b barrel
with an N-terminal helix, which structurally resembles
members of the family of PH-like domains in eukary-
otes. Sequence homologies indicate very similar struc-
tures for the g3p-D1 protein of other F-pilus specific Ff
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Figure 8
Conserved residues in membrane penetration
domains from filamentous phages.
(a,b) Transparent surface representation of
g3p-D1 and its backbone worm. The solvent-
exposed surface of residues identical in g3p-
D1 and its homologues of phages Ike and I2-2
is shown in red and conservative substitutions
in pink (a). The contribution of residues Pro10,
Phe16, Tyr32 and Trp37 to the entire
conserved, exposed surface shown in (a) is
illustrated in (b). The b strand b1 and the helix
a1 are labelled. (c,d) Sequence alignment of
g3p-D1 with related sequences from other
phages. A multiple sequence alignment [52]
was performed with g3p-D1 of Ff phages
(M13, fd and f1) and either the functionally
homologous regions (residue 115 to 179)
from the g3p of phages Ike and I2-2 (c) or
residues 18 to 86 from the orfU of phage ctxf
(d). Regions of helix and b strands are
labelled above the g3p-D1 sequence
according to Figure 2. Vertical lines and dots
indicate sequence identity and similar amino
acid characteristics, respectively.
 
                a1         b1     b2       b3       b4      b5          b6
              --------   ------  ----    -------  -----    --- ------------
             1       10         20         30         40         50          60     66           
fd,M13,f1    ETVESCLAKP HTENSFTNVW KDDKTLDRYA NYEGCLWNAT GVVVCTGDET QCYGT-WVPIG LAIPEN
                | | |||   .  | ||  | |     |  ||.|| ..|| || ||  | |  | .. | | | .  ||.  
I2-2         TPEEICEAKP PIDGVFNNVS KGDE-GGFYI NYNGCEYEAT GVTVCQNDGT VCASSAWKPTG YV-PES
Ike          TPEEICEAKP PIDGVFNNVF KGDE-GGFYI NYNGCEYEAT GVTVCQNDGT VCSSSAWKPTG YV-PES
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phages and the presence of functional analogues in the
N-pilus specific phages, Ike and I2-2. The g3p-D1 struc-
ture also has possible structural homology with the
N-terminal domain of the g3p equivalent of phage ctxf,
which was recently described as the transducing factor
of cholera toxin in V. cholerae, even though there is no
sequence homology between the putative pilus-adhesion
domains of the g3p of Ff and ctxf phages. Widely diver-
gent filamentous phages may therefore share a common
mechanism for penetration into the cytoplasm of Gram-
negative bacteria such as V. cholerae or E. coli, while
adaptation to the wide range of pilus structures spurred
the evolution of a range of specifically adapted pilus-
adhesion domains. Understanding the function of g3p-
D1 is a crucial element in the elucidation on a molecular
level of the infection process used by filamentous phages
and may even allow the design of infection-blocking com-
pounds or vaccines useful for the treatment of cholera.
The structure of g3p-D1 is also biotechnologically impor-
tant, as it provides structure-based information on the
role of g3p in phage display techniques. Optimizing the
spacing between g3p-D1 and its fusion partner may
allow both steric hinderance of ligand interaction and
proteolysis to be minimized. 
Material and methods
Protein preparation
The E. coli strain TG1 [27] was used for propagation of plasmids and
expression of the g3p-D1 fragment. The g3p-D1 fragment (comprising
amino acids 1–66 of the mature fd-g3p) was PCR amplified with primers
(5′-CATGCCATGACTCGCGGCCCAGCCGGCCATGGCAGAAACT-
GTTGAAAGTTGTTTAGCA-3′) and (5′-GAGTCATTCTGCGGCCG-
CATTTTCAGGGATAGCAAGCCCAAT-3′) using Taq polymerase (HT
Biotechnology Ltd.). The PCR fragment was digested with SfiI and NotI,
and ligated into SfiI/NotI digested pUC119His6 [28], which provides the
protein with the pelB leader sequence resulting in the secretion of a
mature g3p-D1 to the periplasm. The correct sequence of the resulting
plasmid was confirmed.
As growth media, standard 2×TY rich medium (for unlabelled g3p-D1)
or CELTONE (Martek) medium (for 15N and 13C/15N g3p-D1) diluted
threefold with nitrogen depleted M9 salts were used for protein expres-
sion. Media were supplemented with 100mg l–1 ampicillin and 0.1%
glucose (unlabelled g3p-D1 only) or 1% glycerol (15N g3p-D1 only).
Bacterial cultures were grown in 6ml aliquots at 37°C overnight, diluted
1/100 and grown to an OD600 of 0.5 and then induced for 16h with
1 mM isopropyl-b-D-thiogalactopyranoside at 37°C. g3p-D1 was puri-
fied from the supernatant after buffer exchange into phosphate buffered
saline (PBS), pH7, using IMAC [29]. For the unlabelled, the 15N and
the 13C/15N sample ~50 mg, 50 mg and 20 mg were purified from 1 l of
each bacterial culture, respectively. Protein was washed and concen-
trated into the appropriate buffer for subsequent analysis using Amicon
YM3 membranes.
General biochemical analysis
Light scattering experiments were performed at a concentration of 1 mM
in PBS, pH 7, at room temperature using a DYNAPRO-801 (Protein
Solutions) instrument. Equilibrium sedimentation was performed at initial
protein concentrations between 24 mM and 100 mM in PBS, pH 7, 
and 30°C using a Beckmann (Optima XL-A) analytical ultracentrifuge.
For molecular weight calculations a specific volume of 0.73 mlg–1 was
assumed. g3p-D1 thermodenaturation was analyzed by following the
ellipticity of a 20 mM protein solution at 230 nm in PBS, pH 7, as
described [30].
Spectroscopic analysis
NMR analysis was performed at protein concentrations of 3mM (unla-
belled), 3mM (15N) and 2mM (13C/15N) in 10mM pyrophosphate,
50mM NaCl, pHapp 6.2, in either 99.9% D2O or 92% H2O/8% D2O on
a Bruker AMX-500 spectrometer using either a double or triple reso-
nance 5mm probe at 303K. Homonuclear 2D NOESY [31] (tm =50,
100, 150 or 200ms), 2D TOCSY [32] (tm =38 or 76ms), 2D DQF-
COSY [33] and 2D double quantum [34] were acquired with 2048
complex t2 points (spectral width 8064Hz), 512 real t1 points (spectral
width 5500Hz) and 32 scans per increment using time-proportional
phase incrementation [35]. The water signal was presaturated during the
relaxation delay of 1.2s. 2D 15N-1H HSQC, 3D 15N-1H NOESY-HMQC
(tm =100ms), 3D TOCSY-HMQC (tm =38 or 76ms), 3D HNCA [36],
3D HN(CO)CA [37], 3D HCCH-TOCSY [38], 3D HCCH-TOCSY [39],
3D 13C-1H NOESY-HMQC [40] (tm =100ms) and 2D CT-HSQC [41]
(constant time delay of 16ms with 13C carrier frequency at 120ppm)
experiments were acquired as described [42,43]. 3JNHaC coupling con-
stants were estimated from J splittings of cross peaks in F1 columns,
extracted from an HMQC spectrum recorded with 512 t1 increments
(spectral width 1525Hz), as described [44]. Data analysis was per-
formed as described [42].
Constraints
The NOE constraints used for the X-PLOR calculations were derived
from the 3D 15N-1H NOESY-HMQC and 3D 13C-1H NOESY-HMQC
experiments. NOE crosspeaks were volume integrated and accordingly
grouped into five groups with upper distance bounds of 6.0Å (21% of all
NOEs), 5.0Å (48%), 4.0Å (18%), 3.0Å (9%) and 2.5Å (4%). Lower
bounds were set to zero and no stereo-specific assignments were
included. Disulphide bond constraints were introduced between residues
6 and 35 and residues 45 and 52. Based on slowly exchanging back-
bone amide protons, 23 hydrogen bonds were identified and included in
the final constraint list. 20 hydrogen bonds are part of the b barrel struc-
ture as shown in Figure 3 and three hydrogen bonds (NH of residues 8,
7 and 6 to CO of residues 4, 3 and 2, respectively) were observed in the
N-terminal helix. The following distance constraints were included for
these: 0.0Å≤H-O≤2.3Å; 2.5Å≤N-O≤3.3Å.
Structure calculation
Fifty structures for residues 1–70 were calculated from initial coordi-
nates with randomised torsion angles using a modified simulated anneal-
ing protocol within X-PLOR, version 3.1 [45,46] employing r–6 distance
averaging. Upper distance constraint bounds for NOEs involving methyl
groups, degenerate aromatic or CH2 protons were increased by 31/6,
21/6 or 21/6, respectively. The constraints list was corrected based on
the emerging structure from different stages of the structure determina-
tion. Structures were superposed and the atomic mean square devia-
tions from the mean were calculated using the program Clusterpose
[47,48]. Angular order parameters were calculated as described [49].
Structures were visually analysed using InsightII (Biosym), GRASP [50]
and MOLSCRIPT [51].
Accession numbers
Coordinates of the 15 energetically best structures and a list of the
distance constraints were submitted to the Brookhaven Data Bank 
(ID code 1fgp).
Supplementary material
Supplementary material provides an assignment table of g3p-D1 at
303K and pH 6.2.
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